Objective. To investigate the mechanism of the adaptive response induced by low-dose ultraviolet A (UVA) radiation. Methods. Cultured dermal fibroblasts were irradiated by a lethal dose of UVA (86.4 J/cm 2 ) with preirradiation of single or repetitive low dose of UVA (7.2 J/cm 2 ). Alterations of cellular morphology were observed by light microscope and electron microscope. Cell cycle and cellular apoptosis were assayed by flow cytometer. The extent of DNA damage was determined by single-cell gel electrophoresis (SCGE). Results. The cultured dermal fibroblasts, with pretreatment of single or repetitive irradiation of 7.2 J/cm 2 UVA relieved toxic reaction of cellular morphology and arrest of cell cycle, decreased apoptosis ratio, reduced DNA chain breakage, and accelerated DNA repair caused by subsequent 86.4 J/cm 2 UVA irradiation. Compared with nonpretreatment groups, all those differences were significant (P < 0.01 or P < 0.05). Conclusions. The adaptation reaction might depend on the accumulated dose of low-dose UVA irradiation. Low-dose UVA radiation might induce adaptive response that may protect cultured dermal fibroblasts from the subsequent challenged dose of UVA damage. The duration and protective capability of the adaptive reaction might be related to the accumulated dose of low-dose UVA Irradiation.
Introduction
All the organisms on the Earth are constantly under the impact of environment. Generally, the organisms adapt to the various environmental factors by natural selection. The nature of adaptive response depends upon the different environmental factors, subject to the evolutionary development and functional status of the organisms, while a few others depend on the nature and the dose of the environmental factors [1] .
The lethal dose of the environmental factors often leads to serious injury, or even death of the organisms. However, when the intensity of the environmental factor was not lifethreatening, it might induce an adaptive response to reduce the damage caused by a subsequent attack by a lethal dose of the same factor within a certain duration. The nature of the adaptive response to low intensity or dose of the environmental factors is one of the hot areas of research [2] .
The adaptive response of organisms or cells induced by low-dose ionization radiation (IR), also termed as low-dose radiation hormesis, was described as the reduced damaging effect of a lethal radiation dose when pretreated by a low priming dose [3] . In the last 30 years, the adaptive response to low-dose IR has been widely investigated. It has been observed in vitro and in vivo using various indicators of cellular damage, such as cell lethality, chromosomal aberrations, mutation induction, radiosensitivity, and DNA repair [4] [5] [6] , although its precise mechanisms remained to be further elucidated. All the ubiquitous adaptive response phenomena entail the conservation of programmed adaptability of organic evolution [7] .
The Sun emits a wide spectrum of electromagnetic waves from IR to microwaves. Photobiomodulation (PBM) of laser irradiation or monochromatic light (LI) were widely studied as well [8] . Several observations showed that even low-energy visible light (LEVL) might recover the rate of healing of wounds or bone defects [9, 10] , the fertilizing capability of sperm cells [11] , and proliferation of cultured cells such as fibroblasts [12] , keratinocytes [13] , and lymphocytes [14] .
Although exposure to ultraviolet (UV) light is often viewed as pathogenic owing to its role in the genesis of skin cancer and skin aging [15] [16] [17] , growing epidemiological evidence suggests that such exposure may decrease the risk for a number of more serious cancers. Aside from having a favorable impact on blood pressure and vascular health, it may help to prevent certain autoimmune disorders, in addition to its well-known influence on bone density [18, 19] . These beneficial effects may relate to the adaptive response of UV radiation.
It has been widely reported that high doses of UV radiation induce cellular adaptive response, including photoreactivation, UV damage excision repair (UVER) [20] , recombination repair, and SOS reaction [21] . The thickening and pigmentation of the epidermis caused by long-term UV radiation are regarded as a type of adaptive response of the organisms against UV radiation [22, 23] . However, the adaptive response induced by low-dose UV radiation has yet to be fully investigated.
As the major component of solar UV, UVA (320∼ 400 nm) mainly produces reactive oxygen species (ROS) through interaction with endogenous photosensitizers. These ROS in turn damage DNA (indirect DNA damage), proteins and membranes [24] . Through direct damage to tissue cells and proteins, and the induction of proteolytic pathways, UVA causes cellular damage similar to IR [25] . However, whether the low-dose UV radiation induces adaptive response like low-dose IR will be investigated in this paper.
Material and Methods

Fibroblast Culture.
The cell culture media and chemicals were purchased from Gibco Life Technologies (Cergy Pontoise, France) and Sigma (St. Louis). Skin specimens were collected from healthy neonatal foreskin, and primarily cultured with basal medium (DMEM medium containing 10% fetus calf serum (FCS), 10 mM N-2 HEPES, 1.5 g/L sodium bicarbonate, 0.3 g/L, 100 U/mL glutamine, penicillin, and 100 μg/mL streptomycin). Cells were maintained at 37
• C in 5% CO 2 , 95% air in a humidified chamber, and then dermal fibroblasts were harvested successfully and stocked in nitrogen canister based on the methods used to establish diploid cell lines [26] .
UVA Irradiation and Low-Dose Determination.
Human dermal fibroblasts were thawed and inoculated (250,000 cells/dish), and grown to 70% confluence in a 10-cm plastic culture dish (Corning Costar, Cambridge, MA, USA). To avoid toxicity induced by UV exposure of the culture medium, irradiation was achieved in PBS (phosphate buffered saline, 0.01 mM, pH 7.2). The cells were then exposed under desktop device (Sigma Aldrich), which releases UVA. UVA intensity was 60 mW/cm 2 at 15 cm exposure distance. The dosage of single exposure was calculated by UVA intensity (mW/cm 2 ) × time (s). After irradiation, the PBS was removed and the fibroblasts were incubated in the medium at 37
• C and 5% CO 2 for varying durations. Control cells were treated similarly but without irradiation [27] .
Cytotoxicity of UVA irradiation and low-dose modulation were assessed by MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide). Cultured dermal fibroblasts were transferred into 96-well plates with a density of 
Morphological
Observations. Cellular and morphological alterations in different groups were observed at different times under inverted transmission electron microscopy (TEM, JEM-2000EX, Japan) and scanning electron microscopy (SEM, S-520, Japan). Alterations of superficial membrane microvilli and intracellular mitochondria were prominently identified.
Detection of Cell Cycle and Apoptosis with Flow Cytometry.
Cells cultured for 5∼10 generations were inoculated into a 6-well culture plate by different grouping manipulations, rinsed once with 1 mL D-Hank's liquid, digested with 0.25% dispase, and then centrifuged and supernatant removed. Cells were separated with 0.5 mL D-Hank's and rinsed twice with 0.01 M PBS (pH 7.4). Cell suspension was prepared with 190 μL binding buffer and the density adjusted to 1 × 10 6 /mL. Annexin V-FITC and PI (1 μg/mL) were added to the cell suspension. Cells were stored for 10 min away from light and rinsed once with binding buffer. Cell cycle and apoptosis were assayed by flow cytometer (FCM). (Elite ESP flow cytometry, Beckman Coulter, Inc.). FCM analysis was done using a single argon ion laser. The wavelength of excited light was 488 nm, and the wavelengths of emitted light were 515-545 nm for annexin V-FITC and 563-607 nm for DNA-PI. Each specimen was measured using 15000 to 20000 cells. The detection rate was about 500 cells/s. Lantastic software was used for data analysis [30] .
Single-Cell Gel Electrophoresis (SCGE).
According to the methods reported [27, 31] , SCGE was carried out on all the experimental groups 60 min after UVA irradiation. Cell proportion of DNA migration was counted under the fluorescence microscope: 100 cells were counted per sample randomly, and 3 samples were observed per group. The diameter of nuclear DNA and the length of DNA migration were measured: 6∼10 cells were observed per sample randomly, and 40 cells were surveyed per group.
Statistical Analysis.
Data were expressed as mean ± standard deviation (x ± S) and analyzed by SPSS 13.0 software. One-way ANOVA was used for intergroup comparison and single factor analysis of variance was used for group comparison. P < 0.05 was considered statistically significant. response was reduced under light microscope and SEM. However, the protective effects disappeared in phases at 12 h and 24 h with a lethal dose of UVA. When the low-dose UVA increased to over 28.8 J/cm 2 , the protective effects due to alterations in cellular morphology caused by lethal-dose UVA irradiation were still apparent, even 14 days later. The changes in cellular morphology in different groups were shown in Figures 2 and 3. 
Results
Cytotoxicity of UVA
Low-Dose UVA Preirradiation Induced Fibroblast Cell Cycle Arrest, Reduced Apoptosis due to Subsequent Lethal Dose Irradiation.
In our studies, cell cycle and apoptosis of fibroblasts were detected by flow cytometry. Propidium iodide staining using single parameter histogram represented the cell cycle changes in every group. DNA histogram offered peak distribution. The ordinate represented cell number, the abscissa in the 2C represented diploid cells in the G0/G1 phase and in the 4C represented cells with DNA four times in the G2/M period. The peak distribution between 2C and 4C denoted cells with DNA, diploid to four times in S phase and that before 2C denoted apoptosis in cells with hypodiploid DNA [33] . The results showed that the proportion of cells increased in the G0/G1 phase and in the S phase but decreased in the Figure 4 : Effects of low-dose UVA on fibroblast cell cycle. PI staining using single parameter histogram represented the change of cell cycle in each group. DNA histogram offered peak distribution. The ordinates represented cell number, and the abscissa represented PI intensity. The DNA peak near 50 (2C) in the abscissa represented the diploid G0/G1 phase; the DNA peak near 100 (4C) in the abscissa represented the tetraploid G2/M phase; the DNA peak between 2C and 4C represented diploid to tetraploid S phase; the DNA peak before 2C represented hypodiploid DNA fragments indicating cell apoptosis. (a) Phase distribution of cell cycle of SIG fibroblasts. The proportions of G0/G1 phase, S phase, and G2/M phase were 85.01%, 6.49%, and 8.49%, respectively. (b and c) Repeated low-dose UVA irradiation altered the phase distribution of cell cycle. When the dosage accumulated to 28.8 J/cm 2 , the proportions of G0/G1 phase, S phase, and G2/M phase were 84.09%, 12.95%, and 1.95%, respectively (b); when the dosage accumulated to 115.2 J/cm 2 , the inhibition of cell cycle was observed apparently. The proportions of G0/G1 phase, S phase, and G2/M phase were 93.97%, 5.37%, and 0.66%, respectively (c).
G2/M phase along with the cumulative dose after irradiation with single low-dose UVA. However, all of these did not show apoptosis peak markedly and the subsequent inhibition of cell cycle. The distribution of fibroblasts in different phases of the cell cycle with different cumulative doses of low-dose UVA irradiation, are shown in Figure 4 , and Table 2 . Annexin V/PI staining and two-dimensional scatter diagram showed the percentage of different cells: normal, apoptosis, injured, and dead. A dot-plot of annexin V-FITC versus PI showed four separate clusters: cells negative for Annexin V-FITC and PI were viable (left inferior quadrant), those positive for Annexin V-FITC but negative for PI were apoptotic (right inferior quadrant), those positive for Annexin V-FITC and PI were necrotic (right superior quadrant) and those negative for Annexin V-FITC but positive for PI were injured (left superior quadrant). 869) ; linear regression analysis, the cell cycle distribution of the low-dose group were closely related to cumulative doses of UVA irradiation, respectively, r = 0.906, F = 30.68, P < 0.001. One-way ANOVA, the proportions of respective phases of cell cycle showed no difference among the 7.2 J/cm 2 , 14.4 J/cm 2 , and 28.8 J/cm 2 dosages, P > 0.05; The t-test also showed no difference between the dosages of 57.6 J/cm 2 and 115.2 J/cm 2 , P > 0.05.
Detection also showed that the apoptosis peak was markedly observed in the fibroblasts of HDG after 12 h irradiation. After preirradiation with low-dose UVA irradiation at 7.2, 14.4, 28.8, 57.6, and 115.2 J/cm 2 , respectively, and then subjected to UVA irradiation at 86.4 J/cm 2 in 6 h, 12 h, 24 h, 48 h, 72 h, 7 d, and 14 d, the proportion of apoptotic cells in every ARG showed differential decrease, relative to the accumulated dose of low-dose preirradiation and time interval of subsequent high-dose irradiation. With 86.4 J/cm 2 UVA irradiation following single 7.2 J/cm 2 UVA preirradiation, proportions of necrosis and apoptosis decrease in ARG cells of 6-h phase were assayed. But the effects vanished in 12-h phase. Low-dose preirradiation accumulated to over 28.8 J/cm 2 , necrosis and apoptosis were still reduced even at 14 d with high-dose irradiation. Simultaneously, after low dose preirradiation, the extent of necrosis and apoptosis was reduced by preirradiation. When the cumulative dose was less than 57.6 J/cm 2 , the effect was directly proportional to the low cumulative dose. However, the response was weak with the cumulative preirradiation dose up to 115.2 J/cm 2 [34] . The degree of necrosis and apoptosis in different groups was assayed quantitatively by AnnexinV/PI staining. Apoptosis and necrosis were caused by different cumulative doses of preirradiation and high-dose irradiation at different time points subsequently. The results of this radiation effect were shown in Figure 5 . Changes in apoptosis in every group were caused by high-dose irradiation at different time intervals after different cumulative doses of preirradiation. The static assayed result was expressed in Table 3 .
Low-Dose UVA Preirradiation Conferred DNA Protective Effects, against Subsequent Lethal-Dose UVA Exposure.
Single-cell gel electrophoresis (SCGE) was carried out on every group 30 min after UVA irradiation. After 5 μg/mL ethidium bromide dyeing, the orange-yellow cells were observed under fluorescence microscope. Four types were identified as follows. (1) Type I: undamaged, with no obvious tail; (2) type II: with a tail shorter than the diameter of the head (nucleus); (3) type III: with a tail longer but less wider than the diameter of the head; (4) type IV: with a tail longer and wider than the diameter of the head ( Figure 6 ). Table 4 shows the proportion of DNA migration in cultured fibroblasts and the diameter and the length of DNA migration in the comet assay. The proportion of DNA migration in cultured fibroblasts was 6.50%. The length of DNA migration in cultured cells was 110.7 ± 4.00 (μm). Significant differences in DNA migration and the length of DNA migration with different cumulative doses in RAG and single HDG after 6 h with low-dose preirradiation were determined by t-test. A positive correlation between DNA protection and the accumulated dose were observed.
Discussion
In the present study, we demonstrated the changes in morphology, cell cycle, apoptosis and DNA damage due to low-dose UVA-irradiation on dermal fibroblasts and the protective effects of low-dose UVA preirradiation that prevented the cultured dermal fibroblasts from damage caused by subsequent lethal-dose UVA irradiation.
The LI used in PBM might be low intensity LI (LIL) (about 10 mW/cm 2 ), or moderate intensity LI (MIL) (10 2 ∼ 10 3 mW/cm 2 ) [8, 35] . The UVA at 60 mW/cm 2 in our experiments was a kind of MIL which PBM is mediated by ROS [8] . The PBM on a function is dependent on whether it is in its function-specific homeostasis (FSH). FSH is just a negative feedback response for a function to be fully performed. There is no PBM of MIL for short irradiation time on a function in its FSH, but MIL for long irradiation time can disrupt a FSH [8] . The survival rate of fibroblasts was not affected significantly with 7.2 J/cm 2 , 14.4 J/cm 2 , and 28.8 J/cm 2 UVA. At a dose above 43.2 J/cm 2 (≥720 s), cell survival rate obviously decreased in a dose-dependent fashion: the survival rate of fibroblasts was 19.7 percent after exposure to 86.4 J/cm 2 UVA for 24 hours. The fibroblasts in 10% FCS were in proliferation-specific homeostasis (PSH) so that the UVA at 7.2 J/cm 2 , 14.4 J/cm 2 and 28.8 J/cm 2 cannot modulate the proliferation [8, 36, 37] . The UVA at increased doses disrupted the PSH, causing extensive, dose-dependent inhibition or cell death. Therefore, in our experiments, low-dose UVA was termed as a dose that does not affect morphology and growth of fibroblasts. Cultured dermal fibroblasts were irradiated with a low-dose 7.2 J/cm 2 UVA preirradiation and by a subsequent lethal dose of 86.4 J/cm 2 UVA.
Cellular morphology and proliferation of cultured dermal fibroblasts treated with single irradiation of 7.2 J/cm 2 UVA were not altered, but when irradiation dosage increased to more than 28.8 J/cm 2 , cells showed dose-dependent inhibition of proliferation. With further low-dose UVA irradiation exposure, fibroblasts showed characteristic morphological and cytological changes in cellular senescence such as delayed doubling time and enlarged cell volume, cellular granulation, augmented volume of mitochondria and so on. Massive apoptosis and death of 86.4 J/cm 2 UVAirradiated cultured cells were observed after 3 h and reached a peak about 12 h, showing evidence of acute toxic reaction. In the ARG, the low-dose UVA preirradiation relieved toxic response in morphology induced by the subsequent lethal dose of UVA irradiation. Interestingly, the fibroblasts of LDG not only displayed plenty of RER (rough endoplasmic reticulum) that suggested decreased cell synthesis, but also features of cellular senescence with further exposure to lowdose UVA irradiation. These results showed that repeated exposure of human fibroblasts to low-dose UVA induced fibroblast senescence [38] , but also suggested that senescence might be some kind of adaptive response induced by lowdose UVA irradiation, serving as a cellular mechanism to escape from stress-induced death. Apoptosis or programmed cell death is a key function in regulating skin development, homeostasis, and tumorigenesis [39] . UV-triggered apoptotic signaling has been Table 3 : Effects of lethal irradiation on fibroblast apoptosis after UVA preirradiation at different time intervals (x ± S%, n = 4).
well documented, whereas UV-induced survival effects have received little attention. Our results suggested that lowdose UVA preirradiation induced fibroblast cell cycle arrest, reduced cellular apoptosis induced by the subsequent lethaldose UVA irradiation. In the low-dose group, the proportion of fibroblasts in the G0/G1 phase and in the S phase was increased with the cumulative dose addition after single low-dose UVA irradiation once a day, but no differences among fibroblasts of LDG1 (7.2 J/cm 2 ), LDG2 (14.4 J/cm 2 ) and LDG3 (28.8 J/cm 2 ) were observed. It might suggest that fibroblasts cultured in 10% FCS were in PSH, but with the dosages increasing to 57.6 J/cm 2 and 115.2 J/cm 2 , fibroblasts were arrested in the G0/G1 phase, cell synthesis and proliferation were inhibited remarkably, which suggested t-test, compared with SIG, differences were extremely significant •• P < 0.001; compared with HDG, differences were extremely significant P < 0.001, and significant P < 0.01; linear regression analysis of internal ARG, the percentage of DNA migration (r = 0.764, F = 25.25, t = −5.025, and P < 0.001) and average length of DNA migration (r = 0.603, F = 44.55, t = −6.674, and P < 0.001) were both close related to accumulated doses. One-way ANOVA, the percentage of DNA migration, and the average length of DNA migration were no different among the ARG1 (7.2 J/cm 2 ), ARG2 (14.4 J/cm 2 ), and ARG3 (28.8 J/cm 2 ), P > 0.05; t-test, there also was no difference between ARG4 (57.6 J/cm 2 ) and ARG3 (115.2 J/cm 2 ), P > 0.05. that fibroblasts were in resting-specific homeostasis [8] that was better than PSH in resisting apoptosis of fibroblasts induced by a lethal dose of UVA irradiation.
UVA mainly produces ROS through interaction with endogenous photosensitizers. These ROS can in turn damage DNA indirectly [24, 25] . It was established that UVA irradiation was most likely to cause single-strand breaks in fibroblast DNA [40] . The SCGE was therefore used to detect the DNA damage caused by UVA in our study. Single-strand DNA breaks in fibroblasts were likely to reach their peak 1 h after UVA irradiation, and therefore immediately subjected to SCGE [27] . Our results showed that, compared with SIG, no further DNA damage of human skin fibroblasts exposed to low-dose UVA radiation as detected by SCGE. The low dose UVA preirradiation induced significant protective effects against DNA damage associated with the subsequent lethal dose of UVA irradiation, with 7.2 J/cm 2 , 14.4 J/cm 2 and 28.8 J/cm 2 (P < 0.05) or between 57.6 J/cm 2 and 115.2 J/cm 2 (P < 0.05). The mechanisms might involve DNA repair and temporary cell cycle arrest induced by low-dose UVA irradiation. This protective response not only inhibited the damage, but also increased the resilience of cells against a subsequent UV dose, leading to increased survival of cells that maintain their DNA repair capability [23] .
The beneficial effects of ultraviolet radiation on human are well known. In recent years, growing epidemiological evidence suggests that exposure to ultraviolet radiation may decrease risk for a number of serious cancers including prostate cancer. The beneficial biological effects may be associated with PBM induced by low-dose irradiation. Further research on PBM including adaptive responses may have great medical significance in terms of exposure to ultraviolet radiation.
Conclusions
Our results suggested that low-dose UVA radiation might induce adaptive response protecting cultured dermal fibroblasts from damage due to subsequent lethal dose of UVA. The degree of protection and duration of the response might be clearly related to the accumulated doses of low-dose UVA radiation.
